Summary. It 
Introduction
The changes in gonadotrophin secretion that underlie annual cycles in testicular function in season¬ ally breeding mammals are likely to reflect altered secretion of gonadotrophin-releasing hormone (GnRH) by the hypothalamus . The pattern of melatonin secretion from the pineal gland mediates the effects of changing photoperiod on neuroendocrine function, but the chemical identity and location of neuronal systems that respond to melatonin and regulate GnRH secretion are not known . Many studies have examined the possibility that increased activity of inhibitory pathways decreases GnRH secretion in the non-breeding season. For example, the role of endogenous opioid and catecholamine pathways has been studied by testing the effect of receptor antagonists on luteinizing hormone (LH) secretion (Ebling & Lincoln, 1985; Meyer & Goodman, 1985; Roberts et ., 1985; Juss et al., 1991 ). An alternative, and prob¬ ably complementary, hypothesis is that the increased GnRH secretion that induces the breeding season reflects the activation of stimulatory neurochemical mechanisms. In support of this hypoth¬ esis, several studies have demonstrated that '-methyl-D-aspartate (NMDA) , an agonist for the excitatory amino acid neurotransmitter glutamate, can stimulate LH secretion. These effects of NMDA are most prominent in hypogonadotrophic conditions such as the prepubertal period in the rhesus monkey and rat (Gay & Plant, 1987 ; Urbanski & Ojeda, 1987) , and during dietaryinduced delayed puberty in sheep (Ebling et ai, 1990) . Moreover, repeated administration of this agonist sustains LH secretion in prepubertal sheep and monkeys  Gay , and can result in premature gonadal activation in prepubertal male rhesus monkeys and female rats (Plant et al., 1989 ; Urbanski & Ojeda, 1987) . Collectively, these studies indicate the potential for hypogonadotrophic mammals to be stimulated by glutamatergic mechanisms, and support the hypothesis that environmentally or developmentally dependent hypogonadism is a consequence of inadequate glutamatergic activation of GnRH secretion. The observations that NMDA receptor antagonists can block the mid-cycle steroid-induced LH surge (Urbanski & Ojeda, 1990; Lopez et al., 1990; Brann & Mahesh, 1991a, b) , and delay the timing of puberty (Urbanski & Ojeda, 1990; Veneroni et ai, 1990; Wu et al., 1990) provide direct evidence that endogenous glutamatergic pathways play a role in the physiological control of GnRH secretion.
The period of sexual quiescence in a seasonal breeder resembles the prepubertal period in some respects . The principal aim of the current study was therefore to investigate whether the potential exists for glutamate regulation of LH secretion during the inac¬ tive phases of the reproductive cycle in a seasonally breeding rodent, the Syrian hamster, and to determine whether NMDA stimulation varies across the photoperiodically driven reproductive cycle. Such an observation might provide an indication of changing activity of endogenous glutamatergic mechanisms. The effects of glutamate agonists on prolactin secretion were also examined to provide a second measure of neuroendocrine responsiveness to the drug, and also because changing prolactin secretion itself may contribute to the seasonal cycle in testicular function in this species (Bartke et ai, 1980) . Parts of this study were presented as a preliminary communication (Hui et al., 1991 
Radioimmunoassays
Serum LH concentrations were measured using a rat LH kit provided by the NIADDK, using preparation RP-3 as the standard. Samples were assayed in duplicate in eight assays; mean limit of detection was 002 ng per tube ( = 0-2ng ml"1 when using 100 µ serum). Mean estimates of intra-and interassay CVs on the basis of duplicate quality control sera run in all assays were 5-8% and 221%, respectively. Prolactin concentrations were determined in a homologous radioimmunoassay using an antiserum against hamster prolactin provided by F. Talamantes (Talamantes et al., 1984) (Urbanski & Ojeda, 1990; Brann & Mahesh, 1991a, b) . This dose does not induce sedation in hamsters (Ebling et al., 1991a (see below) , it was necessary to determine whether testicular secretions influenced the effect of NMDA on LH secretion. Hamsters kept in long days (n = 16) were castrated under Avertin anaesthesia (tribromoethanohtertiary amyl alcohol (2 : 1), 1 ml per 100 g body weight, i.p.). One week after surgery during the expected LH rise after castration (Urbanski & Simpson, 1982) Hamsters were less sensitive to i.p. injection of NMDA than to s.c. injection (Fig. 2) . A dose of 80 mg NMDA kg" ' body weight was not effective; a significant effect of NMDA on LH secretion was seen only at a dose of 100 mg M DA kg~' body weight ( < 001). This dose induced behav¬ ioural side effects, notably hyperactivity, and hyperventilation, and two animals failed to recover from ether anaesthesia after this dose of NMDA. Further studies using this protocol were therefore terminated.
The time course studies in long-day hamsters failed to show an effect of s.c. injection of 50 mg NMDA kg-1 body weight on serum LH concentrations 10, 15, 20 or 30 min after injection (data not shown). However, serum prolactin concentrations were significantly (P < 005) suppressed at both 15 and 30 min after injection relative to vehicle-treated hamsters sampled 15 min after injection (vehicle 12-5 ± 1-6 ng ml~\ = 13; NMDA at 15 min 6-2 + 0-9 ng ml~\ = 14;
NMDA at 30 min 4-6 ± 0-4ngml-1,« = 12).
Experiment 2: Effects of NMDA on LH and prolactin secretion during a photoperiod-induced cycle in reproductive activity
In vehicle-treated hamsters, anova revealed a significant effect (P < 0-01) of time on both LH and prolactin values. The concentration of both hormones had decreased by 6 weeks of short-day (Fig. 3) , whereas by 24 weeks of short days, when the animals were scotorefractory and reproductively active, NMDA had no effect on serum LH. After 24 weeks of short-day exposure, serum prolactin concentrations were significantly (P < (Fig. 4,  left) . Castration of long-day hamsters induced the expected increase in LH secretion. In vehicletreated hamsters, serum LH concentrations had increased above intact values by 1 week after castration, and continued to rise at week 2 and 3 (Fig. 4, open bars) . Although it was originally anticipated that a glutamate antagonist would decrease LH concentrations, treatment of castrates with MK801 actually caused a significant (P < 005) increase in LH concentrations 1 h after injec¬ tion relative to vehicle-injected controls on both occasions (Fig. 4) . Correspondingly, when studied 3 weeks after castration, NMDA treatment induced a marked decrease (P < 0001) in serum LH concentrations at 30 min after injection (Fig. 4, right) .
Discussion
The present study demonstrates that the potential for glutamatergic regulation of the secretion of both LH and prolactin exists in this species. Furthermore (Swann & Turek, 1988 (Hastings, 1991) , thus studies of the effects of glutamate agonists and antagonists on the pattern of LH secretion are clearly essential. The current results derived from infrequent blood sampling paradigms are, however, in close accord with a recent study in male sheep in which a detailed examination of the effects of NMDA on the episodic pattern of LH secretion was carried out (Lincoln & Wu, 1991) . The latter study demonstrated that in animals exposed to an inhibitory long-day photoperiod with regress¬ ing testes, low i.v. doses of NMDA rapidly induced a prolonged period of LH secretion. In contrast, during the phase of testicular recrudescence after exposure to stimulatory short days, sensitivity to NMDA was markedly reduced, and only a transient response could be elicited (Lincoln & Wu, 1991) . Urbanski (1990) observed that one i.p. NMDA injection a day could prevent gonadal regression induced by short days in the Syrian hamster, and could also rapidly stimulate testicular recrudescence in hamsters kept in short days. However, no differences in the response to NMDA in long and short photoperiods were detected in the latter study. The reason for such a discrepancy between the current experiments and that of Urbanski may reside in several important differences between the protocols. First, Urbanski (1990) tested only a single dose of NMDA (20 mg kg"1 body weight) on the long and short day photoperiods, and this was given intravenously. Given the more effective access to the brain achieved by this route, it is possible that it would have an effect equivalent to that obtained with much higher doses given subcutaneously or intraperitoneally, as was the case in the current study. It is clear that differences in the LH response of photostimulated and photoinhibited animals would not be as marked using such a potent dose (see Fig. 1 ), whereas the major difference in sensitivity can be revealed at lower concentrations (e.g. compare responses in different photoperiods to 25 and 75 mg kg" ' body weight in Fig. 1 ). A second difference is that in the study of Urbanski, hamsters were anaesthetized with methoxyflurane vapour so that the jugular vein could be exposed for the i.v. injection. The control LH values from anaesthetized long-day hamsters were less than 50% of those from long-day hamsters reported in other experiments, so it is possible that basal LH concentrations were partially suppressed by the anaesthesia. Consequently, the NMDA treatment might appear to be more effective in long-day animals because it is stimulating a partially inhibited system.
In general, our observations support the view that the mechanism by which daily NMDA injections counteract the inhibitory effects of short days is by the stimulation of LH secretion (Urbanski, 1990) . Although this might initially appear to be an obvious conclusion, there is a large body of evidence that indicates that glutamatergic mechanisms mediate or facilitate the effects of light in entraining circadian rhythmicity, and thus, in generating the daily pattern of melatonin secretion (Meijer & Rietveld, 1989; Colwell et ai, 1990; Ebling et ai, 1991a) . The daily pattern of melatonin secretion conveys photoperiodic information to the mechanisms controlling GnRH secretion (Bartness & Goldman, 1989; Hastings, 1991) . Thus, all chronic pharmacological manipu¬ lations of glutamatergic systems could potentially affect not only the transduction of photoperiodic information via the suprachiasmatic nucleus and thence the pineal gland, but also the expression of the photoperiodic response that depends upon such information but is effected by more distal neural systems controlling GnRH secretion. For example, a recent study has reported that the glutamate antagonist MK801 injected once a day before a nocturnal light pulse blocks the stimu¬ latory effect of this 'skeleton' long day on reproductive function in the Syrian hamster (Colwell et ai, 1991) . It is argued that the mechanism of action of this antagonist delivered once a day is to block the photic entrainment of a short duration noctural melatonin peak that would otherwise convey a stimulatory long-day signal to the mechanisms controlling GnRH secretion.
The effects of NMDA on LH secretion are probably mediated by stimulation of GnRH secretion. Studies in rats and sheep in which pretreatment with GnRH antagonists block the actions of NMDA on LH release (Gay & Plant, 1987; Plant et ai, 1989; Lincoln & Wu, 1991) , and the observation that infusion of low doses of NMDA directly into the brain elicit LH secretion in rats (Ondo et ai, 1988) and hamsters (Ebling et ai, 1991b) both argue against direct induction of LH secretion from the pituitary gland. Moreover, NMDA can elicit GnRH release from hypothalamic expiants in vitro (Bourguignon et al., 1989) . The current studies also demonstrate the potential for glutamatergic involvement in the control of prolactin secretion, and show that during long days when low doses of NMDA are ineffective in stimulating LH secretion, they suppress prolactin secretion. This inhibitory effect on prolactin secretion in the Syrian hamster is in contrast to the prepubertal rhesus monkey, in which NMDA stimulates prolactin secretion (Gay & Plant, 1987) . In the hamster, it is likely that the effect of NMDA is to stimulate the secretion of dopamine by the tuberoinfundibular dopaminergic neurons, and thereby inhibit the lactotrophs of the anterior pituitary. The presumed effects of systemically administered NMDA upon GnRH and dopamine release are probably mediated via post-synaptic elements of glutamatergic systems located in the region of the arcuate nucleus and median eminence of the hypothalamus where the blood-brain barrier, which would exclude polar substances such as NMDA, is incomplete. NMDA would therefore have direct access to neuronal perikarya, synaptic terminals and neurosecretory endings in this region.
Several explanations could account for the reduced response to NMDA seen in long day and photorefractory hamsters. One possibility is that GnRH secretion induced by NMDA remains constant, but marked changes in pituitary responsiveness to GnRH occur. However, it is unlikely that in long-day hamsters, which have high baseline gonadotrophin secretion relative to short-day hamsters, pituitary sensitivity could be so diminished that a response to additional NMDAinduced GnRH would not be seen. Furthermore, in their study of male sheep, Lincoln & Wu (1991) (Roberts et al., 1985; Juss et al., 1991 (Urbanski & Ojeda, 1990; Veneroni et al., 1990; Wu et al., 1990) , or in blocking steroid-induced LH surges (Brann & Mahesh, 1991a, b) and in one study reducing LH secretion in castrate rats (Arslan et ., 1988) . With regard to the second possibility, autoradiographic studies indicate that NMDA receptors are present in the hypothalamus, albeit at much lower densities than most other areas of the central nervous system (Monaghan & Cotman, 1985) , and a preliminary report suggests that the density is actually increased in the preoptic area in long-day hamsters at the time when systemic NMDA is less effective in stimulating LH secretion (Urbanski & Pierce, 1990 (Ebling et al., 1989 Estienne et al., 1990; Jansen et al., 1991) , no effect in chronically ovariectomized females has been noted in the absence of steroid replacement (Estienne et al., 1990 ). An inhibitory effect of NMDA on LH in chronically ovariectomized adult rhesus monkeys has also been reported (Reyes et al., 1990) , the decrease in LH concentrations in NMDA-treated ovariectomized monkeys being correlated with a rise in cortisol secretion. Moreover, pretreatment with a corticotrophin-releasing factor antiserum, or the opiate receptor antagonist naloxone, prevented the NMDA-induced decrease in LH concentrations in some monkeys (Reyes et al., 1990) . It is therefore likely that, in the rhesus monkey at least, the suppressive effects of NMDA on LH secretion in the absence of gonadal steroids may stem indirectly from the activation of both endogenous opioid mechanisms and hypothalamic drive to the adrenal axis.
The finding that NMDA induced LH secretion in hamsters with regressed testes in short days suggests that the ability to synthesize and release GnRH exists in the seasonally inactive state, but that activation of the GnRH secretory system is lacking. Furthermore, the differences in sensitivity and response to NMDA that occur in different reproductive states raise the possibility that changes in endogenous glutamatergic activity might underlie the alteration in reproductive function. Whether such an endogenous mechanism might contribute to the maintenance of the reproductive axis, or only to its initial activation, remains to be determined.
